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ABSTRACT
We have recently proposed attractor models for modulus fixing, inflation, supersymmetry
breaking and dark energy based on no-scale supergravity. In this paper we develop phenomeno-
logical and cosmological aspects of these no-scale attractor models that underpin their physical
applications. We consider models in which inflation is driven by a modulus field (T -type) with
supersymmetry broken by a Polonyi field, or a matter field (φ-type) with supersymmetry broken
by the modulus field. We derive the possible patterns of soft supersymmetry-breaking terms,
which depend in T -type models whether the Polonyi and/or matter fields are twisted or not, and
in φ-type models on whether the inflaton and/or other matter fields are twisted or not. In φ-type
models, we are able to directly relate the scale of supersymmetry breaking to the inflaton mass.
We also discuss cosmological constraints from entropy considerations and the density of dark
matter on the mechanism for stabilizing the modulus field via higher-order terms in the no-scale
Ka¨hler potential.
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1 Introduction
The theory of inflation is the most successful phenomenological framework for describing
the near-flatness of the Universe, as well as explaining why it appears to be statistically
homogeneous and isotropic on large scales [1]. The current measurements of the cosmic
microwave background (CMB) from the Planck satellite are perfectly consistent with the
inflationary paradigm. They exhibit an almost scale-invariant spectrum of scalar pertur-
bations with tilt ns ' 0.96 to 0.97 [2] and no discernible non-Gaussianities, with an upper
limit of tensor-to-scalar ratio r . 0.06 [3]. The combination of cosmological observables ns
and r already discriminates between different models of inflation, excluding simple mono-
mial scalar potentials whilst being consistent with the Starobinsky model [4], and future
CMB measurements will further constrain the surviving models of inflation.
In order to connect inflation to a viable quantum theory of gravity at high scales
and to the Standard Model (SM) of particle physics at lower scales, we are motivated to
consider models based on no-scale supergravity [5–7]. It was shown in [8] that no-scale
supergravity appears generically in string theory compactifications, which we regard as the
UV completion of no-scale supergravity models, and it has also been shown how the SM
can be incorporated in no-scale models of inflation [9–15].
The original Starobinsky model of inflation [4], which is based on R + R2 gravity,
leads to a scalar tilt value of [16] ns ' 0.965 and a scalar-to-tensor ratio r ' 0.003, and is
entirely consistent with the current CMB data. It was shown in [17] that one can easily
obtain a Starobinsky-like potential in the context of no-scale supergravity. Moreover, it was
further shown that there are many inflationary avatars within the no-scale framework [18],
including the no-scale attractor models that we discuss in this paper, and we provided
a general classification of these models in [19]. We extended these models in [20, 21],
and combined supersymmetry breaking and dark energy with a Starobinsky-like model of
inflation.
This latter point is crucial, as constructing models with acceptable phenomenology,
cosmology and supersymmetry breaking has been notoriously difficult, particularly when
combined with models of inflation that are consistent with the CMB data. Although first
steps were made in [20], many more detailed issues remain to be studied. The main goal
of this paper is to develop further the phenomenology and cosmology of no-scale attractor
models, bridging the gap between string inspiration and a viable scenario incorporating
dark matter and the SM.
In particular, we show how to construct various successful no-scale attractor models
of inflation, characterize different possibilities for supersymmetry breaking, and discuss
cosmology following inflation and the constraints imposed by entropy considerations and
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the dark matter density on mechanisms for field stabilization via higher-order terms in the
Ka¨hler potential.
We distinguish two types of no-scale attractor models: in the first type the inflaton is
identified with a volume modulus field, denoted by T , and in the second type the inflaton
is identified with a matter field, denoted by φ. In T -type models supersymmetry is broken
in a hidden Polonyi sector [22], whereas in φ-type models supersymmetry is broken by the
T field, in which case there is no need for an additional sector to break supersymmetry.
Supersymmetry breaking in the T -type models was studied in [10, 23], and their crucial
feature is that they favour boundary conditions with universal soft scalar masses, as in
minimal supergravity (mSUGRA) models. The φ-type models were discussed in [10,20,21],
and they open up various less constrained phenomenological possibilities, including sources
for non-universal scalar masses, as we discuss in this paper. In principle, these different
boundary conditions for supersymmetry breaking have distinctive phenomenological and
cosmological features that may be used to distinguish between models. We show that in φ-
type models it is possible to relate the scale of supersymmetry breaking to the inflationary
scale without fine-tuning.
The structure of this paper is as follows. In Section 2 we review general features
of no-scale supergravity, and introduce the general category of no-scale attractor models
(some details are in Appendix A). Then, in Section 3 we discuss T -type attractor sce-
narios, introducing the needed Polonyi sector, which may be either twisted or untwisted,
discussing the possibilities for either twisted or untwisted matter fields, and presenting the
corresponding predictions for soft supersymmetry-breaking parameters (some details are in
Appendix B). Section 4 contains an analogous discussion of φ-type attractor scenarios in
which either the inflaton and/or the other matter fields may be either twisted or not. As
we discuss in Section 5, both classes of models require the stabilization of some field, the
Polonyi field or the modulus field, respectively. We discuss the post-inflationary dynamics
in the various cases and the corresponding constraints due to entropy considerations and
the dark matter density. Finally, Section 6 presents some conclusions and prospects.
2 No-Scale Supergravity and Inflation
We begin our discussion by recalling some general features of no-scale inflationary models.
Minimal N = 1 no-scale supergravity models were first discussed in [5–7, 24], and are
characterized by the following Ka¨hler potential form with a single chiral field T ,
K = −3 ln(T + T), (1)
3
which parameterizes a non-compact SU(1,1)
U(1)
coset Ka¨hler manifold, whose scalar curvature
is given by R = 2
3
. 1
In order to construct no-scale attractor models [21], we consider the following gener-
alization [24] of the Ka¨hler potential (1):
K = −3α ln(T + T), (2)
which incorporates a free positive curvature parameter α (see also [24–26]). In this case,
the Ka¨hler potential form (2) still parameterizes an SU(1,1)
U(1)
coset Ka¨hler manifold, but with
scalar curvature given by R = 2
3α
.
To construct realistic no-scale attractor models of inflation, we need to extend the
Ka¨hler potential form (2). One minimal possibility is to introduce an additional ‘untwisted’
matter-like chiral field φ:
K = −3α ln
(
T + T − |φ|
2
3
)
, (3)
which characterizes a non-minimal SU(2,1)
SU(2)×U(1) Ka¨hler manifold. One can also consider mod-
els with a ‘twisted’ matter-like field ϕ via the Ka¨hler potential:
K = −3α ln(T + T)+ |ϕ|2, (4)
which parameterizes a non-minimal SU(1,1)
U(1)
× U(1) Ka¨hler manifold.
To extend the model beyond inflation and include low energy phenomenological inter-
actions, the Ka¨hler potential must include additional fields to account for Standard Model
(SM) particles [27], e.g.,
K = −3α ln
(
T + T −
∑
i
|φi|2
3
)
(5)
in the untwisted case, which parameterizes a SU(N,1)
SU(N)×U(1) Ka¨hler manifold. It was shown
in [8] that the Ka¨hler potential form (5) with α = 1 emerges as the low-energy effective
theory of one simple string compactification scenario in which the complex scalar field T
corresponds to the compactification volume modulus, whereas other values of α can be
found in other scenarios. Similarly, one can consider models in which the extra matter
fields are twisted, or a mixture of twisted and untwisted fields.
In order to accommodate SM interactions, we include a superpotential W appearing
via the extended Ka¨hler potential
G = K + ln W + ln W, (6)
1We choose the convention where R < 0 corresponds to a spherical manifold and R > 0 corresponds to
a hyperbolic manifold.
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which then leads to the following expression for the effective scalar potential,
V = eG
[
∂G
∂Φi
(
K−1
)j
i
∂G
∂Φ¯j
− 3
]
, (7)
where the Φi are complex chiral fields, the Φ¯j¯ are their conjugate fields, and K
i
j ≡
∂2K/∂Φi∂Φ¯
j is the Ka¨hler metric.
As already mentioned, we discuss in this paper two different types of no-scale attractor
models of inflation: models in which the inflaton field is identified with the volume modulus,
T , and supersymmetry is broken by introducing [22] a Polonyi field, Z, and models where
the inflaton field is identified with a matter-like field, φ, and supersymmetry can be broken
without invoking a hidden Polonyi sector. We refer to the former as T -type models and to
the latter as φ-type models.
We focus primarily on α-Starobinsky models of inflation based on a scalar potential
given by 2
V =
3
4
M2
(
1− e−
√
2
3α
x
)2
, (8)
where x is a canonically-normalized inflaton field and M is the inflaton mass. In such an
α-Starobinsky model, the cosmological observables (ns, r) (where ns is the tilt in the scalar
perturbation spectrum and r is the tensor-to-scalar ratio) depend on the Ka¨hler curvature
parameter α. A first discussion of such models was presented in [18], where it was shown
that, for α . O(1), α-Starobinsky models of inflation predict
ns ' 1− 2
N∗
, r ' 12α
N2∗
, (9)
where N∗ is the number of e-folds of inflation. Eliminating N∗ from (9), the curvature
parameter can be expressed as follows in terms of the cosmological observables:
α ' r
3 (1− ns)2
. (10)
for α . O(1).
It is possible to find analytic formulae for ns and r that hold without any restriction
on α, but they involve special functions and are given in Appendix A. We show in Fig. 1
curves of ns and r as functions of α for N∗ = 50, 55, and 60. The current observation
range3 ns ∈ [0.961, 0.969] does not constrain α significantly. However, the current Planck
upper limit r < 0.06 imposes the upper limit α . 46 (88) for N∗ = 50 (60). Future CMB
2We work in units of the reduced Planck mass, MP =
1√
8piG
' 2.4 × 1018 GeV. In most cases, factors
of MP are omitted, particularly for fields, their expectation values and stabilization terms.
3We are applying Planck results [2] based on the combination of TT,TE,EE+lowE+lensing data for ns
and the combination of BICEP2, Keck Array, and Planck data [3] for r.
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observations [28] should be able to probe the tensor-to-scalar ratio down to an upper limit
r . 0.001, which is sufficient to determine accurately the curvature parameter α, with a
lower limit α & 0.3 when N∗ ' 60, and underpin cosmological string phenomenology. In the
following Sections we discuss the distinctive phenomenological features and cosmological
aspects of both twisted and untwisted models.
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Figure 1: Plots of ns (left panel) and r (right panel) as functions of α for the representative
values N∗ = 50, 55, 60.
3 T -type No-Scale Attractor Scenarios
3.1 General Framework
We begin with general no-scale attractors based on the non-minimal SU(2,1)
SU(2)×U(1) Ka¨hler
potential (3), where the volume modulus T drives inflation. We consider the following
general form of inflationary superpotential [29]:
WI =
√
αMφf(T ) (2T )
3α−1
2 , (11)
where f(T ) is an arbitrary function of the volume modulus T only, and M is the inflaton
mass scale. For α = 1, this reduces to the supergravity version of the R+R2 model discussed
in [18, 29–35]. If we combine the superpotential (11) with the Ka¨hler potential (3), the
effective scalar potential (7) in the real T direction becomes:
V = M2 f(T )2, (12)
where we have assumed that the vacuum expectation value (VEV) of the matter-like field
φ is fixed to 〈φ〉 = 0, which can achieved by introducing higher-order stabilization terms
in the Ka¨hler potential (3), as we discuss below [18,36].
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It was discussed in [21] that one can obtain Starobinsky-like models of inflation from
such a superpotential (11) when the volume modulus T is associated with the inflaton. The
α-Starobinsky model can be obtained by considering the function:
f(T ) =
√
3
2T
(
T − 1
2
)
, (13)
in which case the effective potential (12) becomes
V =
3M2
4T 2
(
T − 1
2
)2
. (14)
Defining a canonically-normalized field ρ ≡
√
3α
2
ln 2T , the scalar potential (14) can be
rewritten in the α-Starobinsky inflationary form given in Eq. (8) with x = ρ driving infla-
tion.
More generally, this framework can be applied to any form of effective scalar potential
that vanishes when the volume modulus T obtains a vacuum expectation value, as long as
f(〈T 〉) = 0. 4.
3.2 Supersymmetry Breaking with a Polonyi Field
In this Section we discuss possible patterns of supersymmetry breaking in T -type models,
which we accomplish by introducing a Polonyi field Z [22] with a non-vanishing F -term. 5
We can consider the Ka¨hler potential (3) with either an untwisted and strongly-
stabilized Polonyi field [10,15,23,37–43], given by
K = −3α ln
(
T + T − |φ|
2
3
+
|φ|4
Λ2φ
− |Z|
2
3
+
|Z|4
Λ2Z
)
, (15)
or a twisted and strongly-stabilized Polonyi field,
K = −3α ln
(
T + T − |φ|
2
3
+
|φ|4
Λ2φ
)
+ |Z|2 − |Z|
4
Λ2Z
, (16)
where we have also introduced a quartic stabilization term for the matter-like field φ, which
fixes dynamically its VEV to 〈φ〉 = 0 during inflation [18, 36]. We can consider a general
form of the function f(T ) (11) with f(〈T 〉) = f(1/2) = 0, which we express as f(T ) =
4The representative example above has 〈T 〉 = 1/2, but this choice is arbitrary and models with other
values of 〈T 〉 yield similar results.
5Introducing a constant term in the superpotential (11) would shift the potential minimum to a
supersymmetry-preserving AdS minimum [10], rather than break supersymmetry.
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c(T )
(
T − 1
2
)
, where c(〈T 〉) ≡ c and f ′(〈T 〉) = c. For example, the superpotential (13) with
〈T 〉 = 1/2 gives c = √3.
Next, we introduce the following Polonyi superpotential [22]
WP = µ (Z + b) , (17)
which is responsible for supersymmetry breaking, and b is a constant. In the absence of
strong stabilization, minimization of the Polonyi potential at zero vacuum energy leads to
the solution that 〈z〉 = √3−1 and b = 2−√3. In models with a strongly-stabilized Polonyi
field, the minimum of the potential with zero vacuum energy is near the origin and 〈z〉 ∝ Λ2Z
with b = 1/
√
3 (for α = 1) [23, 43]. If we consider the combined superpotential WI + WP ,
where WI is given by (11), the minimum of the effective scalar potential shifts [10,15] and
we find new VEVs for our fields. The shifted VEVs for Ka¨hler potentials (15) and (16) are
given by
Untwisted Case :
〈T 〉 ' 1
2
+
(
2α− 1
αc2
)
∆2,
〈φ〉 '
√
3
c
∆,
〈Z〉 '
√
α
6
√
3
Λ2Z ,
b ' 1√
3α
−
(
1 + 3α(α− 1)
2
√
3α3/2c2
)
∆2,
Twisted Case :
〈T 〉 ' 1
2
+
2α
c2
∆2,
〈φ〉 '
√
3α
c
∆,
〈Z〉 ' 1
2
√
3
Λ2Z ,
b ' 1√
3
−
√
3α2
2c2
∆2,
(18)
where we define ∆ ≡ µ/M and assume that ∆,ΛZ  1. It is important to note that
the VEVs of the shifted fields and the induced soft parameters depend on the curvature
parameter α in the Ka¨hler potentials (15) and (16). If we consider the original model [30]
with the choice α = 1, we recover the results in [10,15].
As mentioned at the beginning of this Section, supersymmetry is broken through a
non-vanishing F -term for the Polonyi field Z, which is given by
Untwisted Case :
3∑
i=1
|Fi|2 = |eG/2
(
K−1
)j
i
Gj|2 ' |FZ |2 ' µ
2
α
' 3m23/2 , (19)
Twisted Case :
3∑
i=1
|Fi|2 = |eG/2
(
K−1
)j
i
Gj|2 ' |FZ |2 ' µ2 ' 3m23/2 . (20)
where the gravitino mass m3/2 is given simply by
Untwisted Case : m3/2 ' µ√
3α
, (21)
Twisted Case : m3/2 ' µ√
3
. (22)
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Further, we introduce a canonical parameterization of the complex Polonyi field Z:
Untwisted Case : Z =
√
3 tanh
(
z√
6α
)
, (23)
Twisted Case : Z =
z√
2
, (24)
and we assume that the imaginary component of the complex field Z vanishes, which is
achieved dynamically with the help of a stabilization term parameterized by ΛZ . The mass
of the canonically-normalized Polonyi field z is then given by
Untwisted Case : m2z '
36m23/2
Λ2Z
, (25)
Twisted Case : m2z '
12m23/2
Λ2Z
, (26)
which is heavier than the gravitino mass m3/2 in both cases when ΛZ . O(1). This
mass hierarchy between z and the gravitino is instrumental in alleviating [23] the so-called
cosmological moduli problem [44]. Using the field VEVs (18), we can express the Goldstino
field as
Untwisted Case : η =
3∑
i=1
Giχi '
√
3αχz , (27)
Twisted Case : η =
3∑
i=1
Giχi '
√
3χz , (28)
where we see that the Goldstino is the fermionic partner of supersymmetry-breaking Polonyi
field Z, as expected.
3.3 Incorporation of Matter Particles
We are now in a position to extend the model to include a general superpotential form that
incorporates matter-like fields Xi such as appear in the SM:
W = WI(T, φ) +WP (Z) +W2(Xi) +W3(Xi), (29)
where WI is our inflationary superpotential and we have introduced general bilinear and
trilinear couplings W2,3. The kinetic terms for the matter fields may originate as untwisted
or twisted fields. In the case of untwisted matter fields, their contributions to the Ka¨hler
potential lies inside the logarithmic term in either Eqs. (15) or (16):
Untwisted Matter Fields : K ⊃ −|Xi|
2
3
. (30)
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For twisted matter fields, the contribution to K
Twisted Matter Fields : K ⊃ |Xi|2, (31)
sits outside the logarithmic terms in Eqs. (15) and (16).
Having introduced matter fields (twisted and/or untwisted) and supersymmetry break-
ing via a Polonyi sector, we are now in a position to calculate the soft supersymmetry break-
ing terms for each of the four possible cases. In each case, the soft supersymmetry-breaking
terms in the Lagrangian are written as
L ⊃ −m20|Xi|2 −B0W2 − A0W3 . (32)
For an untwisted Polonyi field, characterized by the Ka¨hler potential (15), we find the
following expressions for the induced soft terms
Untwisted Matter Fields :
m20 = (α− 1)m23/2,
B0 = −m3/2,
A0 = 0,
Twisted Matter Fields :
m20 = m
2
3/2,
B0 = −m3/2,
A0 = 0.
(33)
As one can see, the only dependence in the soft supersymmetry breaking terms on the
curvature parameter α appears in the soft scalar masses for untwisted matter fields. When
α = 1, we have vanishing input scalar masses, which must then be generated by RGE
evolution (typically above the GUT scale [45]). When α = 2, we obtain m0 = m3/2,
B0 = −m3/2, and A0 = 0, which is the pattern of soft terms when matter fields are twisted
as well. In this case, we recover minimal supergravity (mSUGRA) [46] boundary conditions,
given by A0 = B0 +m0, with A0 = 0 as in models of pure gravity mediation (PGM) [41,47].
In the untwisted case, imposing α ≥ 1 would avoid tachyonic soft supersymmetry-
breaking scalar masses and the associated issue of vacuum stability. However, while this
is condition is sufficient, it is not necessary [48]. It is possible that soft supersymmetry-
breaking scalar masses are negative at the input universality scale but no physical tachy-
onic scalars are found when the soft supersymmetry-breaking parameters are run down
to the weak scale. In fact, in studies of supersymmetric models with non-universal Higgs
masses [49], it was found that frequentist fits including many phenomenological and cosmo-
logical observables were best fit with m20 < 0 [50]. These models are however, potentially
problematic due to the presence of charge- and/or colour-breaking minima [51]. However, if
the electroweak vacuum is long-lived, the relevance of other vacua becomes a cosmological
question related to our position in field space after inflation. For a discussion of cosmolog-
ical issues associated with such tachyonic soft supersymmetry-breaking mass parameters,
see [52].
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For the case with a twisted Polonyi field, characterized by the Ka¨hler potential (16),
we find
Untwisted Matter Fields :
m20 = αm
2
3/2,
B0 = −m3/2,
A0 = 0,
Twisted Matter Fields :
m20 = m
2
3/2,
B0 = −m3/2,
A0 = 0.
(34)
The soft terms for twisted matter fields are unchanged from Eq. (33) and, once again, the
only dependence on α appears for untwisted matter fields though, in this case, because
m0 =
√
αm3/2 there is no restriction on α other than its positivity.
Note that we have not included here any modular weights in either the kinetic terms
for twisted fields, or superpotential terms. These will be included in the next Section for
φ-type attractor models of inflation. As explained in [10], the soft terms induced in T -type
models are independent of all of the modular weights, which is not be the case for the
φ-type models, as we discuss in the next Section. 6
These key results are summarized in Table 1 below, and we briefly discuss cosmological
aspects of such T -type models in Section 5. They were covered in detail in [23].
4 φ-type No-Scale Attractor Scenarios
4.1 General Framework
In this Section we discuss models of inflation where a matter-like field φ is interpreted as
the inflaton. As discussed in [18, 33, 53], inflationary models based on the minimal single
field no-scale Ka¨hler potential (2) entail uplifting a Minkowski vacuum via supersymmetry
breaking, which leads to an extremely heavy gravitino. An alternative way to construct vi-
able inflationary models is to consider higher-dimensional non-compact coset manifolds [27],
as mentioned in the Introduction. There is a long history of constructing inflationary mod-
els this way [54–57]. However, in many of the early models, the predictions of cosmological
observables fall outside the range now determined by CMB observations [2]. In [17], it was
shown that a simple Wess-Zumino superpotential can produce Starobinsky-like inflation,
which leads to a spectral tilt, ns, in good agreement with CMB measurements, and a tensor-
to-scalar ratio, r, within reach of future experiments. The connection between Starobinsky
inflation, R +R2 gravity, and no-scale supergravity was further developed in [58].
6However, the shifted minimum in Eq. (18) does depend on possible weights for the Polonyi field Z, as
discussed in Appendix B.
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Untwisted Polonyi Field Twisted Polonyi Field
VEVs
〈T 〉 1
2
− (2α−1
αc2
)
∆2 1
2
+ 2α
c2
∆2
〈φ〉
√
3
c
∆
√
3α
c
∆
〈Z〉
√
α
6
√
3
Λ2Z
1
2
√
3
Λ2Z
b 1√
3α
−
(
1+3α(α−1)
2
√
3α3/2c2
)
∆2 1√
3
−
√
3α2
2c2
∆2
F -term µ√
α
µ
m3/2
µ√
3α
µ√
3
mz
6m3/2
ΛZ
2
√
3m3/2
ΛZ
Matter Fields Untwisted Twisted Untwisted Twisted
m20 (α− 1)m23/2 m23/2 αm23/2 m23/2
B0 −m3/2 −m3/2 −m3/2 −m3/2
A0 0 0 0 0
Table 1: Model parameters and soft supersymmetry-breaking quantities in T -type no-scale at-
tractor scenarios with either an untwisted or twisted Polonyi field and either untwisted or twisted
matter fields.
Here, we consider two possible non-minimal no-scale models, in which we introduce
a single additional matter-like field, to be interpreted as the inflaton field. The inflaton
may be included as an untwisted matter-like field, which parameterizes together with T a
non-compact SU(2,1)
SU(2)×U(1) coset space [17,18]:
Untwisted Inflaton Field : K = −3α ln
(
T + T +
(
T + T − 1)4
Λ2T
+
d
(
T − T)4
Λ2T
− |φ|
2
3
)
,
(35)
or as a twisted matter-like field, which parameterizes together with T an SU(1,1)
U(1)
× U(1)
space [32,59]:
Twisted Inflaton Field : K = −3α ln
(
T + T +
(
T + T − 1)4
Λ2T
+
d
(
T − T)4
Λ2T
)
+ |ϕ|2.
(36)
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In both cases, we include in the Ka¨hler potential quartic stabilization terms for the volume
modulus T , with ΛT < 1. These stabilize the volume modulus T in both the real and
imaginary directions, and ensure that the VEV of the volume modulus is fixed dynamically
to 〈T 〉 = 1
2
.
A superpotential that is a function only of a matter-like field can be used to break
supersymmetry and introduce a massive gravitino without invoking a hidden Polonyi sector
[10]. In such unified no-scale attractor models [20, 21], the volume modulus T plays the
role of a Polonyi-like field that breaks supersymmetry, and only two complex fields are
necessary for φ-type models. 7 Furthermore, in addition to inflation and supersymmetry
breaking, these models can account for a small residual (though fine-tuned) cosmological
constant. The superpotential for such models can be written as [20]:
W = WI +WdS, (37)
where WI characterizes inflation and WdS is responsible for supersymmetry breaking and
a (small) positive cosmological constant that appears at the end of inflation [27, 61]. The
forms of the superpotentials WI and WdS depend whether the inflaton is twisted or un-
twisted and therefore combined with the Ka¨hler potential in either Eq. (35) or (36) respec-
tively [59]:
Untwisted Inflaton Field : WI =
√
αM f(φ) ·
(
2T − φ
2
3
)n−
, (38)
WdS = λ1M
3 ·
(
2T − φ
2
3
)n−
− λ2M3 ·
(
2T − φ
2
3
)n+
, (39)
and
Twisted Inflaton Field : WI = M f(ϕ) · (2T )n− · e−
ϕ2
2 , (40)
WdS =
[
λ1M
3 · (2T )n− − λ2M3 · (2T )n+
] · e−ϕ22 , (41)
where n± = 32 (α±
√
α), M ' 1.2 × 10−5MP ' 3 × 1013 GeV is the inflaton mass for
Starobinsky-like inflation, and one of the couplings λi must be tuned to a obtain a small
vacuum density, whereas the other may be of order 1.
After the volume modulus T is stabilized by the quartic terms in the Ka¨hler poten-
tial forms (35) and (36), with a VEV 〈T 〉 = 1
2
, the inflaton field φ is stabilized in the
imaginary direction throughout inflation in both cases, and we have φ = φ¯. Note that, de-
spite the presence of supersymmetry breaking and a non-zero final vacuum energy density,
Starobinsky-inflation is reproduced for an appropriate choice of f(φ).
7In [60], a term linear in φ is included, which plays the role of the Polonyi field, and Starobinsky-
like inflation is possible so long as the gravitino mass m3/2 . 1 PeV. The soft supersymmetry breaking
parameters for this model were derived in [11].
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If we combine the Ka¨hler potential (35) with the superpotentials (38) and (39), the
effective scalar potential (7) becomes
Untwisted Inflaton Field : V ' Λ +M2
(
1− φ
2
3
)1−3√α
f ′(φ)2, (42)
and similarly, if we combine the Ka¨hler potential (36) with the superpotentials (40) and (41),
equation (7) gives
Twisted Inflaton Field : V ' Λ +M2 f ′(ϕ)2, (43)
where
Λ = 12λ1 λ2M
6. (44)
In both cases, the cosmological constant Λ depends on two constants, λ1,2. It should be
noted that we neglected the contribution of a term which is proportional to λ2M
4f . This
term vanishes at the minimum and, because λ2M
4 M2, it does not affect the inflationary
dynamics [21].
Being proportional to M6, the cosmological constant is of order 10−30λ2 in Planck
units, when we assume λ1 ∼ O(1). We expect that the final vacuum energy density is
modified by (negative) contributions from phase transitions occurring after inflation. For
λ2 ∼ O(1), we would require a contribution of order M6 ∼ 10−30 to cancel the term
in (44) to eventually yield a cosmological constant of order 10−120 today. For example,
the GUT phase transition in a flipped SU(5) × U(1) model occurs after inflation [13, 14]
and contributes ∆V ∼ −M2susyM2GUT ∼ −(λ1 − λ2)2M6M2GUT, indicating that perhaps
λ2 ∼ (MGUT/MP )2 for λ1 ∼ 1.
In the untwisted case, the α-Starobinsky inflationary potential
V ' Λ + 3
4
M2
(
1− e−
√
2
3α
x
)2
, (45)
can be obtained from Eq. (42) with the choice of f(φ) which satisfies [21]
f ′(φ) =
√
3φ(
φ+
√
3
) (1− φ2
3
)(3√α−1)/2
, (46)
and a field redefinition
φ =
√
3 tanh
(
x√
6α
)
. (47)
The superpotential function f(φ) derived from Eq. (46) with boundary condition f(0) = 0
is in general a hypergeometric function, which assumes a polynomial form whenever 9α is
an odd perfect square other than 1. For example, when α = 1, f(φ) is of the Wess-Zumino
form [17]
f(φ) =
(
φ2
2
− φ
3
3
√
3
)
. (48)
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In the twisted case, the α-Starobinsky inflationary potential (45) can be obtained from
Eq. (43) with the choice of f(ϕ) which satisfies
f ′(ϕ) =
√
3
2
(
1− e− 2ϕ√3α
)
, (49)
and a field redefinition
ϕ = x/
√
2. (50)
In this case, there is a relatively simple form for f(ϕ) for all α
f(ϕ) =
3
√
α
4
(
2ϕ√
3α
+ e
− 2ϕ√
3 − 1
)
. (51)
4.2 Supersymmetry Breaking
The unified no-scale attractor models with an untwisted or a twisted inflaton field both
yield a de Sitter vacuum at the minimum, and the two formulations can be considered as
equivalent for cosmological purposes. At the end of inflation, supersymmetry is broken
through an F -term for T , which is given by [20,21]
2∑
i=1
|Fi|2 = F 2T '
(λ1 + λ2)
2
α
M6, (52)
and the gravitino mass is given simply by
m3/2 = e
G/2 = eK/2W = (λ1 − λ2) M
3
M2P
, (53)
which is independent of the curvature parameter α. Thus, in our framework the F -term
is a function of the curvature α whereas the gravitino mass m3/2 is not. Moreover, as
we have mentioned before, our framework incorporates supersymmetry breaking without
introducing an additional Polonyi sector [22] or external uplifting by fibres [62].
In order to obtain a gravitino mass m3/2 ' O(1) TeV, we choose λ2  λ1. Then we
can write
m3/2 = (λ1 − λ2) M
3
M2P
' λ1M
3
M2P
, (54)
and we can re-express the F -term for T (52) as FT ' m3/2√α . We note that, by scaling WdS
with M3, we obtain a TeV mass scale for supersymmetry breaking without fine-tuning, and
relate the supersymmetry-breaking scale to the inflation scale M (see also [15]).
Using (53) and (54), we find that the squared masses of the real and imaginary
components of the volume modulus T are given by:
m2Re T '
48m23/2
αΛ2T
, m2Im T '
48dm23/2
αΛ2T
, (55)
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which depend on the supersymmetry-breaking parameter λ1, the stabilization constant ΛT
and the curvature parameter α. For ΛT  1, we have a built-in hierarchy between the
modulus and the gravitino mass scales. It is important to note that, in the absence of
supersymmetry breaking, m3/2 = 0, and both T components remain massless.
Finally, the squared mass of the inflaton is given by:
m2φ 'M2 f ′′(0)2, (56)
where we may assume that f ′′(0) ∼ O(1), in which case the inflaton mass is mφ = M '
O(10−5).
4.3 Incorporating Matter Particles
In order to incorporate Standard Model-like particles in φ-type models of unified no-scale
attractors, we illustrate different possible superpotential structures that couple the hidden
and visible matter sectors.
We consider the following general superpotential form
W = WI +WdS +WSM , (57)
where in the case of an untwisted inflaton, the superpotentials WI and WdS are given
by (38) and (39) and for a twisted inflaton field WI and WdS are given by (40) and (41),
and WSM describes the Standard Model-like interactions, given by:
WSM =
√
α
[(
T +
1
2
)β
W2(Xi) +
(
T +
1
2
)γ
W3(Xi)
]
· Y n− , (58)
where we have introduced bilinear and trilinear couplings W2,3 with non-zero modular
weights β and γ, and
Untwisted Inflaton Field : Y = 2T − φ
2
3
, (59)
Twisted Inflaton Field : Y = 2T. (60)
It should also be noted that we couple the Standard Model-like sector to (2T −φ2/3)n− for
the case with an untwisted inflaton field and (2T )n− for the case with a twisted inflaton field,
where n− = 32 (α−
√
α). One may also consider couplings to Y n+ , where n+ =
3
2
(α +
√
α),
and find similar results.
As in the previous Section, matter fields may appear either as untwisted in the Ka¨hler
potential as in Eq. (30) or as twisted fields in the Ka¨hler potential
K ⊃ |Xi|2(T + T )−ni , (61)
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which sits outside the logarithmic term and where we have included a kinetic modular
weight, ni. For T -type inflation, soft mass terms do not depend on modular weights and
so these were neglected in writing the superpotential in Eq. (29). On the other hand, in
φ-type models the modular weights do enter into the soft supersymmetry breaking terms,
and the weights β and γ are included in Eq. (58) separately for bilinear and trilinear
couplings. We obtain the following induced soft terms for untwisted matter fields (30) and
twisted matter fields (31):
Untwisted Matter Fields :
m20 = (α− 1)m23/2,
B0 =
(
2
√
α− 2− β)m3/2,
A0 =
(
3
√
α− 3− γ)m3/2,
Twisted Matter Fields :
m20 =
(α− ni)
α
m23/2,
B0 =
(
2
√
α− 2ni − β
)
m3/2,
A0 =
(
3
√
α− 3ni − γ
)
m3/2.
(62)
For α = 1, these results reduce to those found in [10].
The induced soft terms (62) allow us to consider various phenomenological scenarios.
Let us first consider α = 1. For untwisted matter fields, we obtain m0 = 0, B0 = −βm3/2,
and A0 = −γm3/2. If we set β = γ = 0, we recover standard no-scale soft terms with
A0 = B0 = m0 = 0 [5, 6, 24]. For twisted matter fields with ni = 0 or universal, one finds
non-zero universal soft mass terms as in the constrained minimal supersymmetric extension
of the Standard Model (CMSSM) [63], and if β = γ one obtains soft terms of the mSUGRA
type with A0 = B0 +m0, all proportional to the gravitino mass. If β and γ vanish, we have
A0 = 3m0 and B0 = 2m0. For β = γ = 3, we obtain PGM [41, 47] soft terms, given by
m0 = m3/2, A0 = 0 and B0 = −m3/2. Finally, we note that scalar mass universality is lost
if the modular weights ni are not universal.
As in the case of T -type models, for untwisted matter fields with α < 1 or for twisted
matter fields with α < ni, there is the possibility that m
2
0 < 0. However, as discussed above,
such models are not necessarily excluded by cosmological considerations. For α > 1, one
finds non-zero scalar masses even in the untwisted case. Finally, we point out that these
results do not depend whether the inflaton is twisted or not. Our key results for φ-type
unified no-scale models of inflation are summarized in Table 2.
5 Cosmological Scenarios, Entropy and Dark Matter
Production
Supersymmetry breaking has often been a source of cosmological Angst. The so-called
Polonyi problem, or more generally the moduli problem, arises when scalars with weak scale
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Twisted/Untwisted Inflaton Field
F -term
m3/2√
α
m2ReT
48m2
3/2
αΛ2T
m2ImT
48dm2
3/2
αΛ2T
Matter Fields Untwisted Twisted
m20 (α− 1)m23/2 (α−ni)α m23/2
B0 (2
√
α− 2− β)m3/2 (2
√
α− 2ni − β)m3/2
A0 (3
√
α− 3− β)m3/2 (3
√
α− 3ni − γ)m3/2
Table 2: Model parameters and soft supersymmetry-breaking quantities in φ-type unified no-scale
attractor scenarios with either untwisted or twisted matter fields. The quantities β, γ and ni are
modular weights introduced in (58) and (61), respectively.
masses but with Planck scale vacuum expectation values are displaced from their minima
after inflation [44]. Their evolution and late decay generally produce enormous amounts of
entropy, washing away any baryon asymmetry. Their decays into supersymmetric particles
may also lead to an excessive dark matter abundance [64, 65] in the form of the lightest
supersymmetric particle (LSP), if R-parity is preserved. In this Section we discuss these
cosmological issues in T - and φ-type no-scale attractor models.
5.1 Post-inflationary Dynamics in T -Type Models
As we have seen, in T -type models inflation is driven by a volume modulus T whose
dynamics is characterized by a function f(T ), and supersymmetry is broken through a
Polonyi field Z. When the inflaton rolls down to a Minkowski minimum, given by the left
side of (18) for the case with untwisted Polonyi field, and by the right side of (18) for the
case with a twisted Polonyi field, the fields (both the inflaton and Z) begin to oscillate
and their subsequent decay begins the process of reheating of the Universe. For example,
during inflation, a twisted Polonyi field Z is displaced to a minimum determined by Hubble
induced mass corrections ∼ H2IZZ¯, which is much smaller than the VEV of 〈Z〉 at the true
minimum, i.e., 〈Z〉Inf  〈Z〉 [23, 66, 67]. When the Hubble parameter becomes smaller
than the Polonyi mass, mz, more precisely when H . 23mz, the inflationary minimum of Z
starts moving adiabatically toward the true minimum. As a result, the initial amplitude of
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the field is very small and roughly proportional to
〈z〉Max ∼ Λ2Z . (63)
The decay of the inflaton is model-dependent, but the main decay channel of the Polonyi
field Z is into a pair of gravitinos, potentially exacerbating the gravitino problem [68].
The strongest limit on ΛZ comes from the decay of Z to gravitinos and their subsequent
decay to the LSP, χ. In [23], it was found that ΛZ . 3 × 10−4 for mχ = 100 GeV, and
m3/2 = 10
−15MP , and scales as (m3/2/mχ)1/5. A more complete and detailed treatment
of cosmological consequences of T -type models is presented in [23]. The results derived
there apply to the T -type models discussed here, and we do not discuss them further in
this paper.
5.2 Post-inflationary Dynamics in φ-Type Models
As we have also seen, in φ-type models inflation is driven by a matter-like field φ, and
inflationary dynamics is characterized by a function f(φ) [20]. In this case, supersymmetry
is broken by the volume modulus T , which acts like a Polonyi field. The inflaton field φ
exits the high-lying de Sitter plateau and rolls down toward a low-lying global de Sitter
minimum, characterized by Λ = 12λ1 λ2M
6. When the inflaton reaches this de Sitter
minimum, located at 〈T 〉 = 1
2
and 〈φ〉 = 0, it starts oscillating about the minimum, with
an initial maximum amplitude given by
〈T 〉Max ' ΛT
4
√
3
, 〈φ〉Max ' O(10−1). (64)
Note the magnitude of the initial amplitude of T oscillations is a key difference between
these models and the T -type models. In the latter, the maximum amplitude for strongly-
stabilized Polonyi oscillations, given in Eq. (63) is ∝ Λ2Z . In this case, the initial amplitude
is significantly larger, and we expect stronger constraints on ΛT . The main decay channel
of the volume modulus T is into a pair of gravitinos.
We consider now various post-inflationary scenarios in φ-type models, and calculate
the corresponding upper limits on the modulus stabilization parameter ΛT . At the end of
the inflationary epoch, when the inflaton rolls down toward a global minimum and starts
oscillating about it, and the Universe enters a period of matter-dominated expansion. As
the Hubble damping parameter decreases, the volume modulus T starts oscillating about
its minimum. These oscillations may occur before or after reheating of the Universe, and
we treat these cases separately below.
When the inflationary period is over (i.e., the near-exponential expansion ends), the
energy density of the Universe is dominated by the oscillations of the inflaton about its
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minimum. We define the start of inflaton oscillations as the moment when the Hubble
parameter is of order the inflaton mass, or more precisely when H = 2
3
mη, where η (= φ
in the untwisted case or ϕ in the twisted case) is the inflaton. If we define Rη as the
scale factor when inflaton oscillations begin, we can write the energy density and Hubble
parameter as
ρη ' 4
3
m2ηM
2
P
(
Rη
R
)3
, (65)
H ' 2
3
mη
(
Rη
R
)3/2
. (66)
During this matter-dominated epoch, the Hubble expansion rate keeps decreasing until the
field T begins oscillating about the minimum. These oscillations start when the Hubble
parameter approaches the mass of T or when H ' 2
3
mT , where mT is the canonically-
normalized mass of the volume modulus. This value of the Hubble parameter can be
reached before or after the inflaton η decays, i.e., before or after reheating. When the field
T begins oscillating about the supersymmetry-breaking minimum, the energy density of
oscillations is given by
ρT ' 1
2
m2TM
2
P 〈T 〉2Max
(
RT
R
)3
, (67)
where 〈T 〉Max is the maximum amplitude of the oscillations of the volume modulus and RT
is the cosmological scale factor at the onset of T oscillations, which may begin before or
after inflaton decays.
We distinguish the following scenarios for the possible evolution of the Universe.
Scenario I: Oscillations of the volume modulus T begin before inflaton decay
We assume that the inflaton couples only through gravitational-strength interactions,
in which case the inflaton decay rate can be estimated as
Γη = d
2
η
m3η
M2P
, (68)
where dη is a gravitational-strength coupling
8. The inflaton decays when the Hubble pa-
rameter decreases to the critical value Γη =
3
2
H where, using the expressions (66) and (68),
we obtain the following scale factor ratio
Rdη
Rη
=
(
MP
dηmη
)4/3
, (69)
where Rdη is the cosmological scale factor at the time of inflaton decay.
8If there are non-gravitational couplings leading to inflaton decay, we can write dη = d˜ηMP /mη, where
d˜η is the non-gravitational coupling.
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Using equations (55, 64, 67), we can express the energy density stored in T oscilla-
tions (67) as
ρT ' 1
2α
m23/2M
2
P
(
RT
R
)3
. (70)
To find the scale factor at the beginning of T oscillations, we use (55, 66) and H ' 2
3
mT
to estimate 9
RT ' α1/3
(
ΛT
4
√
3
mη
m3/2
)2/3
Rη. (71)
We seek the limits on ΛT that ensure that entropy production from T decay does not cause
excessive dilution of the primordial baryon-to-entropy ratio, nB/s ' 8.7× 10−11.
In this scenario, we are assuming that oscillations of the volume modulus T begin
before inflaton decay, i.e., RT < Rdη. Using the scale factor ratios (71) and (69), we find
RT
Rdη
= α1/3
(
d2ηΛTMP
4
√
3m3/2
)2/3(
mη
MP
)2
< 1, (72)
which leads to the following condition for Scenario I
ΛT . α−1/2
4
√
3m3/2
d2η
M2P
m3η
. (73)
Therefore, if we choose mη ∼ 10−5MP , m3/2 ∼ 10−15MP ∼ O(1) TeV, and α = 1, we find
T oscillations begin before inflaton decay when d2ηΛT .
√
48, a condition which is almost
always satisfied. We must now distinguish between the possibilities that T decays before
the inflaton (I a), after the inflaton but before T oscillations dominate the energy density
(I b), and when they do dominate the energy density (I c).
We assume instantaneous inflaton decay and thermalization of inflaton decay prod-
ucts. When the inflaton decays the Universe becomes radiation-dominated, and the energy
density and Hubble parameter have the following expressions
ρr =
4
3
d−4/3η m
2/3
η M
10/3
P
(
Rη
R
)4
, (74)
H =
2
3
d−2/3η m
1/3
η M
2/3
P
(
Rη
R
)2
, (75)
and the reheating temperature is given by
TRH = dη
(
40
pi2gη
)1/4
m
3/2
η
M
1/2
P
, (76)
9It should be noted that T oscillations might also begin after the inflaton decays, and we discuss this
possibility later.
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where gη = g(TRH) is the effective number of degrees of freedom at reheating, for which we
take the MSSM value g(TRH) = 915/4. We note that, in this model, the reheating tem-
perature is model-dependent and depends on how the inflaton is coupled to the Standard
Model, and hence also its decay rate defined in Eq. (68). The preferred values of N∗ and
ns also depend on the decay rate, though very weakly as discussed in detail in [34].
To calculate the decay rate of the volume modulus to gravitinos, we use the following
fermion-scalar interaction supergravity Lagrangian (see e.g. [69]), where we work in the
unitary gauge:
LF,int ⊃ i
2
χ¯iL /DΦjχ
k
L
(
−Gijk +
1
2
GikG
j
)
+
1
2
eG/2
(−Gij −GiGj +Gijk (G−1)klGl) χ¯iLχjR+h.c. .
(77)
In this case, the modulino χT becomes the longitudinal component of the gravitino, and
the dominant two body decay T → ψ3/2ψ3/2 coupling can be obtained from the following
interaction term in the Lagrangian
LF,2 ⊃ 1
2
m3/2G
TT
T (G
−1)TTG
T ψ¯3/2ψ3/2 = 36α
m3/2
MPΛ2T
T ψ¯3/2ψ3/2 . (78)
The decay rate obtained from this interaction term is given by
Γ
(Total)
T ' Γ(T → ψ3/2ψ3/2) = α3/2
648
√
3m33/2
piM2PΛ
5
T
. (79)
We now discuss in turn the specific cases I a), b), c) mentioned above.
I a): The volume modulus T decays before the inflaton
In this scenario, the decay of the field T is characterized by ΓT =
3
2
H, and the Hubble
parameter for the matter-dominated Universe is given by (66):
RdT
Rη
=
1
108α
(
pimηΛ
5
TM
2
P
m33/2
)2/3
, (80)
where RdT is the cosmological scale factor when the volume modulus T decays. To obtain
the case when the volume modulus T decays before η, we must impose RdT < Rdη, and if
we use the scale factor ratio (69) with (80), we find the following upper bound for ΛT :
ΛT . 3.2α3/10
(
m33/2
d2ηm
3
η
)1/5
. (81)
The representative values mη ∼ 10−5MP , m3/2 ∼ 10−15MP , dη ∼ 1, and α = 1 yield
ΛT < 3.2× 10−6. In this case the entropy released after T decay is negligible.
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I b): The volume modulus T decays after the inflaton, but never dominates
If the decay of T occurs after inflaton reheating, the value of the scale factor at T
decay is computed using the radiation-dominated form of H given in Eq. (75). Then, using
ΓT = 2Hr, we find following scale factor ratio:
RdT
Rη
= α−3/4
(
pi
486
√
3
)1/2
m
1/6
η Λ
5/2
T M
4/3
P
d
1/3
η m
3/2
3/2
. (82)
In order to realize this scenario, we must impose RdT > Rdη, which holds when Eq. (81) is
violated. However in this case, we are also assuming that T never comes to dominate the
energy density, i.e., ρT (RdT ) < ρr(RdT ). From the expressions above, we have
ρT
ρr
= α−3/4
dη
128
(
pi
486
√
3
)1/2(
mηΛ
3
T
m3/2
)3/2
< 1 (83)
which gives an upper bound on ΛT :
ΛT < 5.5α
1/6d−2/9η
(
m3/2
mη
)1/3
, (84)
so that for mη ∼ 10−5MP , m3/2 ∼ 10−15MP , dη ∼ 1, and α = 1, ΛT < 2.5× 10−3.
I c): The volume modulus T decays after the inflaton, and dominates at decay
For ΛT larger than the upper limit in Eq. (84), oscillations of the volume modulus
T will dominate the energy density, i.e., ρT > ρr before decay. In this case, the Hubble
parameter is given by
HT =
1√
6α
m3/2
(
RT
R
)3/2
, (85)
as the Universe becomes matter-dominated again.
The volume modulus T decays when HT ' 23ΓT , and using the expressions (85)
and (79), we find the following scale factor ratio
RdT
RT
= α−4/3
(
pi
1296
√
2
Λ5TM
2
P
m23/2
)2/3
. (86)
Because T dominates when it decays, its decay products increase the entropy. The entropy
densities in radiation and T are given by
sr =
4
3
(
gηpi
2
30
)1/4
ρ3/4r , sT =
4
3
(
gTpi
2
30
)1/4
ρ
3/4
T , (87)
yielding the following entropy ratio:
sT
sr
= α−3/4
(
gT
gη
)1/4(
dη
√
piΛ
9/2
T
2304× 31/4√2
)(
mη
m3/2
)3/2
. (88)
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To avoid a Polonyi-like problem, we must limit the amount of entropy production sT/sr =
∆s. For a given value of ∆s, we can derive an upper limit on ΛT (assuming gη = gT )
ΛT . 2α1/6
√
3
(
256
pi
)1/9
d−2/9η ∆
2/9
s
(
m3/2
mη
)1/3
. (89)
If we consider the representative choices mη ∼ 10−5MP , m3/2 ∼ 10−15MP , dη ∼ O(1), and
α = 1, we find the upper bound ΛT . 0.003∆2/9s ∼ 0.007 for ∆s ≤ 100, thereby mitigating
the entropy production problem.
II): Oscillations of the volume modulus T begin after inflaton decay
We can also consider the case when the damped oscillations of T occur only after the
inflaton η decays. In this case, we use the Hubble parameter for a radiation-dominated
Universe (75) together with the expression H = 2
3
mT to obtain
RT
Rη
' d−1/3η
( α
48
)1/4 m1/6η M1/3P Λ1/2T
m
1/2
3/2
. (90)
Using Eq. (69) to obtain RT/Rdη, we can confirm that we are in scenario II when RT > Rdη,
which occurs when the inequality in Eq. (73) is violated. We can now distinguish two cases
depending on whether T dominates at the time of its decay, or not.
II a): The volume modulus T decays before the Universe becomes dominated by T
oscillations
This case is similar to scenario I b). The ratio RdT/Rη is given by Eq. (82), but the
ratio of energies is computed using (90) as opposed to (71), giving
ρT
ρr
=
1
α
√
pi
576
√
6
MPΛ
4
T
m3/2
< 1, (91)
where the inequality should be satisfied to avoid T domination, and give the limit
ΛT < 2α
1/4
(
7776
pi
)1/8(m3/2
MP
)1/4
(92)
Note that the limit is independent of mη in this case, in contrast to the limit in Eq. (84).
The range for ΛT must therefore satisfy the inequality in Eq. (92) and violate that in Eq.
(73). This is possible if
m3/2 < α
(
3
8pi
)1/6
d8/3η
m4η
M3P
, (93)
and corresponds to very small gravitino masses.
II b): The volume modulus T decays after the Universe becomes dominated by T
oscillations
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This case is similar to I c). The ratio of the entropies is now
sT
sr
=
1
α
(
gT
gη
)1/4( √
pi
1152
√
2
)(
Λ4TMP
m3/2
)
. (94)
The limit on ΛT to avoid excessive entropy production is
ΛT < 2α
1/4
√
3
(
128
pi
)1/8
∆1/4s
(
m3/2
MP
)1/4
(95)
where we are again allowing for entropy increase by a maximum factor of ∆s. This case
is realized when the inequality in (95) is satisfied, but that in (73) is not. This can occur
when
m3/2 < α
(
1
2pi
)1/6
d8/3η
m4η
M3P
∆1/3s . (96)
5.3 Limits on ΛT from Dark Matter Production
In this Section we consider the limits on ΛT that avoid the overproduction of the lightest
supersymmetric particle (LSP) and related cosmological problems.
We consider first inflaton decay to gravitinos. We calculate the inflaton to two grav-
itino decay rate using the Lagrangian (77), obtaining the decay rate Γ(φ → ψ3/2ψ3/2) ∼
〈Gφ〉. As previously, we assume that λ2  λ1. For φ-type models, at the minimum when
〈T 〉 = 1
2
and 〈φ〉 = 0, we have 〈Gφ〉 = 0. Similarly, for the case with a twisted inflaton
field, we have 〈Gϕ〉 = 0. Therefore, the decays of the inflaton to a pair of gravitinos are
negligible, unless there is an additional coupling of φ to T [10].
If the T field decays into a gravitino pair, we have
n3/2 = 2nT , (97)
where n3/2 and nT are the number densities of the produced gravitinos and of the decaying
T field respectively. Using the following approximations
nχ ' n3/2, s0 ' 7nγ , (98)
where nχ is the cold dark matter number density, and s0 is the total entropy density today,
we obtain the following estimate of the cold dark matter abundance (ρc is the critical
density):
Ωχ ' 7mχn3/2nγ
s0ρc
' 2.75× 1010h−2
( mχ
100 GeV
)(n3/2
s0
)
. (99)
Planck 2018 data impose the constraint [2]
Ωχh
2 . 0.12 , (100)
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which leads to the following upper limit on the gravitino-to-entropy ratio:
n3/2
s0
. 4.4× 10−12
(
100 GeV
mχ
)
, (101)
which is different for scenarios I and II. We first consider gravitinos produced by T decay
and subsequently consider the thermal production of gravitinos which is controlled by the
reheat temperature and the value of dη.
Scenario I: The number density nT = ρT/mT depends whether T decays before
the inflaton (I a), or after the inflaton but does not dominate the energy density (I b), or
dominates the energy density (I c). For (I a), we find:
(I a) : nT = α
7/2 2187
√
3
2pi2
m53/2
M2PΛ
7
T
when RdT < Rdη, (102)
whereas for (I b) and (I c), we obtain
(I b) : nT = α
11/4 729× 33/4
32
√
2pi3/2
dη
m
7/2
3/2m
3/2
η
M2PΛ
9/2
T
when RdT > Rdη, does not dominate,
(103)
and
(I c) : nT = α
7/2 1√
48
(
1296
pi
)2 m53/2
M2PΛ
9
T
when RdT > Rdη, dominates, (104)
We obtain the same gravitino-to-entropy ratio in all three cases, which is given by
n3/2
s0
' √α 1
512
(
45
2pi2
)1/4
dηg
−1/4
η
m
3/2
η Λ3T
m3/2M
1/2
P
. (105)
The relevant dark matter yield is given by nχ/s ' n3/2/s. In this case, the density param-
eter Ωχh
2 ' mχnχ/ρc can be expressed as
Ωχh
2 ' 6.6× 107√α dηg−1/4η
m
3/2
η Λ3T
m3/2M
1/2
P
( mχ
100 GeV
)
, (106)
where we assume that the LSP mass is not much smaller than that of the gravitino. If we
use the nominal value Ωχh
2 ' 0.12 with (106), we find
ΛT . 1.2× 10−3 α−1/6 d−1/3η g1/12η
m
1/3
3/2M
1/6
P
m
1/2
η
( mχ
100 GeV
)−1/3
. (107)
This is the upper bound on ΛT that is imposed by consistency with the current dark matter
density given by the most recent Planck data [2], making the plausible assumption that
the entropy released by the decay of the gravitino is negligible.
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We also consider the thermal production of gravitinos. Gravitinos are produced during
reheating, and the abundance of gravitinos scales with the reheating temperature TRH. The
gravitino-to-entropy ratio arising from thermal production can be related to the inflaton
decay rate, and the hence the inflaton decay coupling dη, and is given by [70,71]
n3/2
s0
' 2.6× 10−4dη
(
1 + 0.56
m21/2
m23/2
)(
mη
MP
)3/2
, (108)
where contributions to the production of transverse modes (1) and longitudinal models (.56
m21/2/m
2
3/2) are included. If we use Eq. (108) in the limit (101), we obtain an upper limit
on the coupling dη
dη < 1.7× 10−8
(
MP
mη
)3/2(
100 GeV
mχ
)(
1 + 0.56
m21/2
m23/2
)−1
. (109)
If mη = 3× 1013 GeV and assuming conservatively the lower limit mχ & 100 GeV and that
m1/2  m3/2, we obtain
dη . 0.4 . (110)
This limit must be respected independently of any assumptions on the stabilization of
the volume modulus. Note that dη < 0.4 corresponds to a limit y < 2.4 × 10−5 where y
is a conventionally defined inflaton coupling, y =
√
8pidηmη/MP , in agreement with past
results [9, 12,13,23,34,71].
Considering the ratio of the yield produced by T decays (105) to the thermal yield (108),
we find
(n3/2/s0)T Decay
(n3/2/s0)Thermal
' 2.4α1/2
(
1 + 0.56
m21/2
m23/2
)−1
MPΛ
3
T
m3/2
, (111)
and thermal production is subdominant when
ΛT & 0.75α−1/6
(
1 + 0.56
m21/2
m23/2
)1/3(
m3/2
MP
)1/3
. (112)
Scenario II: We find the following number density nT = ρT/mT for case (II a):
(II a) : nT ' α5/2 2187
16
√
2pi3/2
m43/2
MPΛ5T
when RdT > Rdη, does not dominate. (113)
For case (II b), we have the same result as in Eq. (104) for nT , but we find the gravitino-
to-entropy ratio to be same for cases II (a,b):
n3/2
s0
' α
1/4
256
(
135
2pi2
)1/4
g−1/4η
M
1/2
P Λ
5/2
T
m
1/2
3/2
. (114)
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In this case, we find the following density parameter
Ωχh
2 ' 1.7× 108 α1/4 g−1/4η
M
1/2
P Λ
5/2
T
m
1/2
3/2
( mχ
100 GeV
)
(115)
or
ΛT . 2.2× 10−4 α−1/10 g1/10η
(
m3/2
MP
)1/5 ( mχ
100 GeV
)−2/5
(116)
We next compare this production of gravitinos in moduli decays with thermal production,
using the following expression for the gravitino-to-entropy ratio from thermal production
(n3/2/s0)T Decay
(n3/2/s0)Thermal
' 6.2α1/4 d−1η
(
1 + 0.56
m21/2
m23/2
)−1
M2PΛ
5/2
T
m
1/2
3/2m
3/2
η
, (117)
and thermal production is subdominant when
ΛT & 0.5α−1/10 d2/5η
(
1 + 0.56
m21/2
m23/2
)2/5
m
1/5
3/2m
3/5
η
M
4/5
P
. (118)
Finally, we note that there is a lower limit on ΛT coming from the postulated form of
the stabilization terms in Eqs. (35) and (36). Since the stabilization terms in the Ka¨hler
potential should be treated as an effective interaction by integrating out fields with masses,
ΛTMP , we should require ΛTMP >
√
FT [15, 37], and using (52) we find the limit
ΛT > α
−1/4
(
m3/2
MP
)1/2
(119)
that is imposed by the effective interaction assumption.
We display in Fig. 2 compilations of the constraints on ΛT as functions of the gravitino
mass for three different values of the coupling dη: 0.4 (which is the largest value allowed
by our analysis - see Eq.(110)), 10−3 and 10−5, illustrating their impacts on the various
scenarios discussed above. For all our plots we set the inflaton mass equal to its value in the
Starobinsky model, mη = 3×1013 GeV, and the curvature parameter α = 1. The following
are the interpretations of the lines and shadings in the various panels. The red lines
mark the upper limit on ΛT that is imposed by the avoidance of entropy overproduction,
assuming ∆s ≤ 100. Above the region labelled Scenario II b) in the top panel, this line
is given by Eq. (95) and scales as ∆
1/4
s , and above the regions labelled Scenario I c) the
red line is determined from Eq. (89) and scales as ∆
2/9
s . The dashed green line in the
top panel corresponds to the condition that T oscillations begin before inflaton decay -
see Eq. (73) - and separates Scenarios I) and II). Scenario II) is visible only in the upper
panel, for large dη, and is realized in the region shaded green between the green dotted line
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and the entropy overproduction line. The part of the solid purple line crossing the green
region corresponds to Eq. (92) and marks the boundaries between Scenarios II a) and II b)
(below and above, respectively). The part of the purple line that crosses the yellow region
corresponds to Eq. (84) and marks the boundaries between Scenarios I c) and I b) (above
and below, respectively). The largest value of m3/2 in region II a) is given by Eq. (93)
and that in region II b) is given by Eq. (96). Variants of Scenario I) are realized in the
regions shaded yellow and blue. The dashed blue line corresponds to Eq. (81) and marks
the boundary between Scenarios I b) (above) and I a) (below): the latter region is shaded
blue. The solid grey line represents the effective interaction condition (119), below which
our parametrization of the dynamics responsible for T stabilization is invalid.
The strongest upper limits on ΛT come from the production of dark matter. The
thermal production of gravitinos leads to a dark matter abundance which is independent
of ΛT (and m3/2 when m1/2  m3/2 - see Eqs. (109)), and depends only on the coupling
dη. For dη ' 0.4, thermal production contributes Ωχh2 = 0.12 everywhere in the plane.
The solid black lines in the three panels show the constraint (107) on the contribution to
Ωχh
2 = 0.12 from T decay, which decreases at lower ΛT . At lower values of dη, as in the
middle and bottom panels of Fig. 2, the thermal contribution always gives a dark matter
density below the Planck limit. We show as solid orange lines in these panels, the values
of m3/2,ΛT for which the thermal and non-thermal contributions are equal. This line is
independent of dη and given by Eq. (111). Below the orange line, the thermal contribution
dominates the final dark matter abundance. For dη = 0.4, as in the upper panel, the orange
and black lines coincide. Note that we have fixed mχ = 100 GeV everywhere in this figure
and the relic density scales as mχ, so that the limit on ΛT scales as m
−1/3
χ . Recall also that
we have fixed α = 1, though the limit on ΛT scales weakly as α
−1/6.
We see that there are allowed regions in Fig. 2 below the dark matter density con-
straint and above the effective interaction limit. These include regions realized in Scenarios
I a) and I b), but not Scenarios I c) and II). If m3/2 & 1 TeV, the only Scenario that can be
realized is I a), in which the volume modulus T decays before the inflaton. However, these
restrictions on the possible Scenarios might not apply if the dark matter density constraint
was weakened, e.g., if the assumption of R-parity conservation was relaxed.
6 Conclusions and Prospects
We have presented in this paper some important phenomenological and cosmological as-
pects of the no-scale attractor models of inflation that we have introduced previously. These
models are based on no-scale supergravity, and include mechanisms for modulus fixing, in-
flation, supersymmetry breaking and dark energy. As we have discussed, there are models
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Figure 2: Plots of the constraints on the modulus stabilization parameter, ΛT , as functions of
the gravitino mass, m3/2, for models with mη = 3 × 1013 GeV, α = 1 and dη = 0.4 (top), 10−3
(middle) and 10−5 (bottom). The regions shaded green, yellow and blue correspond to Scenarios
II a, b), I b, c), and I a), respectively, whereas the grey regions are excluded by the effective
interaction condition (119). Regions between this and the dark matter density constraint (solid
black line) are allowed by all the constraints.
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in which inflation is driven by either a modulus field (T -type), in which supersymmetry
is broken by a Polonyi field, or a matter field (φ-type) with supersymmetry broken by
the modulus field. We have derived the possible patterns of soft supersymmetry breaking
in these different types of models, which depend on the chosen Ka¨hler geometries for the
matter and inflaton fields, i.e., the parameter α and whether the matter and inflaton are
twisted or untwisted. The results are tabulated in Tables 1 and 2 for the T - and φ-type
models, respectively. The patterns of soft supersymmetry breaking found in our analysis
include those postulated in the CMSSM, mSUGRA, minimal no-scale supergravity and
pure gravity mediation models. Within the framework of no-scale attractor models, phe-
nomenological analyses of the pattern of soft supersymmetry breaking could help to pin
down the model type and its Ka¨hler geometry. We find that there is a direct relation
between the scale of supersymmetry breaking and the inflaton mass in φ-type models.
We have also discussed cosmological constraints on the models from entropy consid-
erations, the density of dark matter, and field stabilization. These constraints restrict the
possible ranges of the quartic parameters in the Ka¨hler potential that are used to stabilize
the Polonyi field in T -type models and the modulus field in the φ-type models. We focus
on the φ-type models, in particular, with the results shown in Fig. 2. As we see there, the
avoidance of entropy and particularly dark matter overproduction require the correspond-
ing stabilization parameter ΛT to be a few orders of magnitude below the Planck scale. We
see in Fig. 2 that there are allowed regions for some of the cosmological scenarios discussed
in the text, which could be expanded for small LSP masses or if R-parity is broken.
The key Ka¨hler geometry parameter for no-scale attractor models of inflation is the
parameter α appearing in Eq. (2), which may be related to the form of string compactifica-
tion. This parameter can be determined by measurements of the CMB observables r and
ns, as seen in Eq. (10). It is intriguing that this same parameter enters the values of the
soft supersymmetry-breaking parameters in Tables 1 and 2, offering the possibility of cor-
relating directly collider and CMB measurements. This is a concrete example how no-scale
attractor models could, in the future, serve as bridges between early-Universe cosmology,
collider physics and string theory.
A Slow-Roll Inflation
We recall some equations for single-field slow-roll inflation. For a general inflationary
potential V (φ), we find the following Klein-Gordon equation of motion:
φ¨ = −3Hφ˙− V ′(φ), (120)
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where the evolution of the scalar field is driven by the potential gradient term V ′ = dV/dφ.
In order to treat the slow-roll approximation, we introduce the following slow-roll parame-
ters
 ≡ 1
2
(
V ′
V
)2
, η ≡
(
V ′′
V
)
, (121)
where , |η|  1.
Next, we introduce the expressions of cosmological observables in terms of the slow-
roll parameters. The tensor-to-scalar ratio for single scalar field is given by
r ' 16, (122)
and the scalar power spectrum is expressed as
ns − 1 ' −6+ 2η. (123)
To solve the flatness and horizon problems, we require the total number of inflationary
e-folds to be N∗ ' 50 − 60 before the end of inflation. The number of e-folds before the
end of inflation is given by
N∗(φ) =
∫ t∗
t
Hdt '
∫ φ
φ∗
1√
2
dφ. (124)
We find the following expressions for the slow-roll parameters (121) in the α-Starobinsky
scalar model (8):
 =
4
3α
(
1− e
√
2
3α
x
)−2
, (125)
and
η =
4
3α
(
2− e
√
2
3α
x
)
(
1− e
√
2
3α
x
)2 . (126)
Combining (125) with (124), we obtain
N∗ = −3α
4
(
1− e
√
2
3α
x
)
−
√
3α
2
√
2
x, (127)
and solving it for x, we find
x =
−4√6N∗ − 3
√
6α− 3√6αW−1(−e−1− 4N∗3α )
6
√
α
, (128)
where Wk(z) is the Lambert W function with k an integer, which is defined as the inverse
function of f(W ) = WeW (see also [34]). Using the expressions (122, 123), the slow-roll
parameters (125, 126) and expression (128), we find
r =
64
3α
(
1 +W−1(−e−1− 4N∗3α )
)−2
, (129)
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and
ns = 1− 8
3α
(
1−W−1(−e−1− 4N∗3α )
1 +W−1(−e−1− 4N∗3α )
)
. (130)
If we expand (129) and (130) for large N∗/α, we recover (9).
B Field Shifts in the Minima
As noted in Section 3.3, the shifts in the minima of the Polonyi field and the inflaton depend
on the modular weight of the Polonyi superpotential. Introducing a modular weight δ for
the Polonyi superpotential (17):
µ(Z + b)→ µ(Z + b)
(
T +
1
2
)δ
, (131)
we find the following shifted VEVs in the untwisted case:
〈T 〉 ' 1
2
+
(
2α− 1− 2δ
3
αc2
)
∆2, (132)
〈φ〉 '
(√
3
c
− δ√
3αc
)
∆, (133)
〈Z〉 '
√
α
6
√
3
Λ2Z , (134)
b ' 1√
3α
− 1
2
√
3α3/2c2
(
1 + 3α(α− 1) + δ(δ + 3α(2− 6α + δ))
9α
)
∆2, (135)
and in the twisted case:
〈T 〉 ' 1
2
+
(
2α
c2
− 2δ
3c2
)
∆2, (136)
〈φ〉 '
(√
3α
c
− δ√
3αc
)
∆, (137)
〈Z〉 ' 1
2
√
3
Λ2Z , (138)
b ' 1√
3
−
(
(3α− δ)2
6
√
3c2
)
∆2. (139)
These results reduce to those given in the text when δ = 0.
33
Acknowledgements
The work of JE was supported in part by the United Kingdom STFC Grant ST/P000258/1,
and in part by the Estonian Research Council via a Mobilitas Pluss grant. The work of DVN
was supported in part by the DOE grant DE-FG02-13ER42020 at Texas A&M University
and in part by the Alexander S. Onassis Public Benefit Foundation. The work of KAO was
supported in part by the DOE grant de-sc0011842 at the University of Minnesota.
References
[1] K. A. Olive, Phys. Rept. 190 (1990) 307; A. D. Linde, Particle Physics and Inflationary
Cosmology (Harwood, Chur, Switzerland, 1990); D. H. Lyth and A. Riotto, Phys. Rep.
314 (1999) 1 [arXiv:hep-ph/9807278]; J. Martin, C. Ringeval and V. Vennin, Phys.
Dark Univ. 5-6, 75-235 (2014) [arXiv:1303.3787 [astro-ph.CO]]; J. Martin, C. Ringeval,
R. Trotta and V. Vennin, JCAP 1403 (2014) 039 [arXiv:1312.3529 [astro-ph.CO]];
J. Martin, Astrophys. Space Sci. Proc. 45, 41 (2016) [arXiv:1502.05733 [astro-ph.CO]].
[2] N. Aghanim et al. [Planck Collaboration], arXiv:1807.06209 [astro-ph.CO]; Y. Akrami
et al. [Planck Collaboration], arXiv:1807.06211 [astro-ph.CO].
[3] P. A. R. Ade et al. [BICEP2 and Keck Array Collaborations], Phys. Rev. Lett. 121,
221301 (2018) [arXiv:1810.05216 [astro-ph.CO]].
[4] A. A. Starobinsky, Phys. Lett. B 91, 99 (1980).
[5] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B 133 (1983)
61.
[6] J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tamvakis, Phys. Lett. 134B, 429
(1984).
[7] A. B. Lahanas and D. V. Nanopoulos, Phys. Rept. 145 (1987) 1.
[8] E. Witten, Phys. Lett. 155B (1985) 151.
[9] J. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Rev. D 89 (2014) 4, 043502
[arXiv:1310.4770 [hep-ph]];
[10] J. Ellis, M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1510, 003 (2015)
[arXiv:1503.08867 [hep-ph]].
[11] S. F. King and E. Perdomo, JHEP 1905, 211 (2019) [arXiv:1903.08448 [hep-ph]].
34
[12] J. Ellis, M. A. G. Garc´ıa, N. Nagata, D. V. Nanopoulos and K. A. Olive, JCAP 1611,
no. 11, 018 (2016) [arXiv:1609.05849 [hep-ph]].
[13] J. Ellis, M. A. G. Garc´ıa, N. Nagata, D. V. Nanopoulos and K. A. Olive, JCAP 1707,
no. 07, 006 (2017) [arXiv:1704.07331 [hep-ph]]; J. Ellis, M. A. G. Garc´ıa, N. Nagata,
D. V. Nanopoulos and K. A. Olive, JCAP 1904, no. 04, 009 (2019) [arXiv:1812.08184
[hep-ph]].
[14] J. Ellis, M. A. G. Garcia, N. Nagata, D. V. Nanopoulos and K. A. Olive, Phys. Lett. B
797, 134864 (2019) [arXiv:1906.08483 [hep-ph]]; J. Ellis, M. A. G. Garcia, N. Nagata,
D. V. Nanopoulos and K. A. Olive, JCAP 2001, no. 01, 035 (2020) [arXiv:1910.11755
[hep-ph]].
[15] E. Dudas, T. Gherghetta, Y. Mambrini and K. A. Olive, Phys. Rev. D 96, no. 11,
115032 (2017) [arXiv:1710.07341 [hep-ph]]; K. Kaneta, Y. Mambrini, K. A. Olive and
S. Verner, Phys. Rev. D 101, no. 1, 015002 (2020) [arXiv:1911.02463 [hep-ph]].
[16] V. F. Mukhanov and G. V. Chibisov, JETP Lett. 33, 532 (1981) [Pisma Zh. Eksp.
Teor. Fiz. 33, 549 (1981)].
[17] J. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Rev. Lett. 111 (2013) 111301
[arXiv:1305.1247 [hep-th]].
[18] J. Ellis, D. V. Nanopoulos and K. A. Olive, JCAP 1310 (2013) 009 [arXiv:1307.3537
[hep-th]].
[19] J. Ellis, D. V. Nanopoulos, K. A. Olive and S. Verner, JHEP 1903 (2019) 099
[arXiv:1812.02192 [hep-th]].
[20] J. Ellis, D. V. Nanopoulos, K. A. Olive and S. Verner, Phys. Rev. D 100, no. 2, 025009
(2019) [arXiv:1903.05267 [hep-ph]].
[21] J. Ellis, D. V. Nanopoulos, K. A. Olive and S. Verner, JCAP 1909, no. 09, 040 (2019)
[arXiv:1906.10176 [hep-th]].
[22] J. Polonyi, Budapest preprint KFKI-1977-93 (1977).
[23] J. L. Evans, M. A. G. Garcia and K. A. Olive, JCAP 1403, 022 (2014).
[arXiv:1311.0052 [hep-ph]].
[24] J. R. Ellis, C. Kounnas and D. V. Nanopoulos, Nucl. Phys. B 241, 406 (1984).
[25] R. Kallosh, A. Linde and D. Roest, JHEP 1311, 198 (2013). [arXiv:1311.0472 [hep-
th]].
35
[26] A. Linde, JCAP 1505, 003 (2015). [arXiv:1504.00663 [hep-th]].
[27] J. R. Ellis, C. Kounnas and D. V. Nanopoulos, Nucl. Phys. B 247, 373 (1984).
[28] T. Matsumura et al., J. Low. Temp. Phys. 176 (2014) 733 [arXiv:1311.2847 [astro-
ph.IM]].
[29] R. Kallosh, A. Linde and D. Roest, JHEP 1408, 052 (2014) [arXiv:1405.3646 [hep-th]].
[30] S. Cecotti, Phys. Lett. B 190, 86 (1987).
[31] R. Kallosh and A. Linde, JCAP 1306, 028 (2013) [arXiv:1306.3214 [hep-th]];
F. Farakos, A. Kehagias and A. Riotto, Nucl. Phys. B 876, 187 (2013) [arXiv:1307.1137
[hep-th]]; S. Ferrara, A. Kehagias and A. Riotto, Fortsch. Phys. 62, 573 (2014)
[arXiv:1403.5531 [hep-th]]; S. Ferrara, A. Kehagias and A. Riotto, Fortsch. Phys. 63,
2 (2015) [arXiv:1405.2353 [hep-th]]; R. Kallosh, A. Linde, B. Vercnocke and W. Che-
missany, JCAP 1407, 053 (2014) [arXiv:1403.7189 [hep-th]]; K. Hamaguchi, T. Mo-
roi and T. Terada, Phys. Lett. B 733, 305 (2014) [arXiv:1403.7521 [hep-ph]]; T. Li,
Z. Li and D. V. Nanopoulos, JCAP 1404, 018 (2014) [arXiv:1310.3331 [hep-ph]];
C. P. Burgess, M. Cicoli and F. Quevedo, JCAP 1311 (2013) 003 [arXiv:1306.3512
[hep-th]]; S. Ferrara, R. Kallosh, A. Linde and M. Porrati, Phys. Rev. D 88 (2013)
8, 085038 [arXiv:1307.7696 [hep-th]]; W. Buchmu¨ller, V. Domcke and C. Wieck, Phys.
Lett. B 730, 155 (2014) [arXiv:1309.3122 [hep-th]]; C. Pallis, JCAP 1404, 024 (2014)
[arXiv:1312.3623 [hep-ph]]; C. Pallis, JCAP 1408, 057 (2014) [arXiv:1403.5486 [hep-
ph]]; I. Antoniadis, E. Dudas, S. Ferrara and A. Sagnotti, Phys. Lett. B 733, 32 (2014)
[arXiv:1403.3269 [hep-th]]; T. Li, Z. Li and D. V. Nanopoulos, Eur. Phys. J. C 75,
no. 2, 55 (2015) [arXiv:1405.0197 [hep-th]]; W. Buchmuller, E. Dudas, L. Heurtier and
C. Wieck, JHEP 1409, 053 (2014) [arXiv:1407.0253 [hep-th]]; T. Terada, Y. Watan-
abe, Y. Yamada and J. Yokoyama, JHEP 1502, 105 (2015) [arXiv:1411.6746 [hep-ph]];
W. Buchmuller, E. Dudas, L. Heurtier, A. Westphal, C. Wieck and M. W. Winkler,
JHEP 1504, 058 (2015) [arXiv:1501.05812 [hep-th]]; A. B. Lahanas and K. Tamvakis,
Phys. Rev. D 91, no. 8, 085001 (2015) [arXiv:1501.06547 [hep-th]].
[32] J. Ellis, M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1405,
037 (2014) [arXiv:1403.7518 [hep-ph]]; J. Ellis, M. A. G. Garc´ıa, D. V. Nanopou-
los and K. A. Olive, JCAP 1408, 044 (2014) [arXiv:1405.0271 [hep-ph]]; J. Ellis,
M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1501, no. 01, 010 (2015)
[arXiv:1409.8197 [hep-ph]];
[33] D. Roest and M. Scalisi, Phys. Rev. D 92, 043525 (2015) [arXiv:1503.07909 [hep-th]].
36
[34] J. Ellis, M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, JCAP 1507, no. 07, 050
(2015) [arXiv:1505.06986 [hep-ph]];
[35] I. Dalianis and F. Farakos, JCAP 1507, no. 07, 044 (2015) [arXiv:1502.01246 [gr-
qc]]. I. Garg and S. Mohanty, Phys. Lett. B 751, 7 (2015) [arXiv:1504.07725 [hep-
ph]]; E. Dudas and C. Wieck, JHEP 1510, 062 (2015) [arXiv:1506.01253 [hep-th]];
M. Scalisi, JHEP 1512, 134 (2015) [arXiv:1506.01368 [hep-th]]; S. Ferrara, A. Ke-
hagias and M. Porrati, JHEP 1508, 001 (2015) [arXiv:1506.01566 [hep-th]]; J. Ellis,
M. A. G. Garc´ıa, D. V. Nanopoulos and K. A. Olive, Class. Quant. Grav. 33, no.
9, 094001 (2016) [arXiv:1507.02308 [hep-ph]]; A. Addazi and M. Y. Khlopov, Phys.
Lett. B 766, 17 (2017) [arXiv:1612.06417 [gr-qc]]; C. Pallis and N. Toumbas, Adv.
High Energy Phys. 2017, 6759267 (2017) [arXiv:1612.09202 [hep-ph]]; T. Kobayashi,
O. Seto and T. H. Tatsuishi, PTEP 2017, no. 12, 123B04 (2017) [arXiv:1703.09960
[hep-th]]; I. Garg and S. Mohanty, Int. J. Mod. Phys. A 33, no. 21, 1850127 (2018)
[arXiv:1711.01979 [hep-ph]]; W. Ahmed and A. Karozas, Phys. Rev. D 98, no. 2, 023538
(2018) [arXiv:1804.04822 [hep-ph]]. Y. Cai, R. Deen, B. A. Ovrut and A. Purves, JHEP
1809, 001 (2018) [arXiv:1804.07848 [hep-th]]. S. Khalil, A. Moursy, A. K. Saha and
A. Sil, Phys. Rev. D 99, no. 9, 095022 (2019) [arXiv:1810.06408 [hep-ph]].
[36] J. R. Ellis, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B 143, 410 (1984).
[37] M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys. Rev. D 73, 123518 (2006) [hep-
ph/0604140]; R. Kitano, Phys. Lett. B 641, 203 (2006) [hep-ph/0607090]; R. Kallosh
and A. D. Linde, JHEP 0702, 002 (2007) [hep-th/0611183]; H. Abe, T. Higaki and
T. Kobayashi, Phys. Rev. D 76 (2007) 105003 [arXiv:0707.2671 [hep-th]]; J. Fan,
M. Reece and L.-T. Wang, JHEP 1109, 126 (2011) [arXiv:1106.6044 [hep-ph]].
[38] E. Dudas, C. Papineau and S. Pokorski, JHEP 0702, 028 (2007) [hep-th/0610297];
H. Abe, T. Higaki, T. Kobayashi and Y. Omura, Phys. Rev. D 75, 025019 (2007)
[hep-th/0611024].
[39] R. Kallosh, A. Linde, K. A. Olive and T. Rube, Phys. Rev. D 84, 083519 (2011)
[arXiv:1106.6025 [hep-th]]; A. Linde, Y. Mambrini and K. A. Olive, Phys. Rev. D 85,
066005 (2012) [arXiv:1111.1465 [hep-th]].
[40] E. Dudas, A. Linde, Y. Mambrini, A. Mustafayev and K. A. Olive, Eur. Phys. J. C
73 (2013) 2268 [arXiv:1209.0499 [hep-ph]].
[41] J. L. Evans, M. Ibe, K. A. Olive and T. T. Yanagida, Eur. Phys. J. C 73, 2468 (2013)
[arXiv:1302.5346 [hep-ph]]; J. L. Evans, K. A. Olive, M. Ibe and T. T. Yanagida, Eur.
Phys. J. C 73, no. 10, 2611 (2013) [arXiv:1305.7461 [hep-ph]].
37
[42] K. Nakayama, F. Takahashi and T. T. Yanagida, Phys. Lett. B 718, 526 (2012)
[arXiv:1209.2583 [hep-ph]].
[43] M. A. G. Garcia and K. A. Olive, JCAP 1309, 007 (2013) [arXiv:1306.6119 [hep-ph]].
[44] G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby and G. G. Ross, Phys. Lett.
B 131, 59 (1983); A. S. Goncharov, A. D. Linde and M. I. Vysotsky, Phys. Lett.
B147, 279 (1984); J. Ellis, D. V. Nanopoulos and M. Quiros, Phys. Lett. B 174, 176
(1986); T. Banks, D. B. Kaplan and A. E. Nelson, Phys. Rev. D 49, 779 (1994) [hep-
ph/9308292]; B. De Carlos, J. A. Casas, F. Quevedo and E. Roulet, Phys. Lett. B 318,
447 (1993) [hep-ph/9308325].
[45] J. R. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Lett. B 525, 308 (2002) [hep-
ph/0109288].
[46] R. Barbieri, S. Ferrara and C. A. Savoy, Phys. Lett. B 119, 343 (1982); J. R. Ellis,
K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Lett. B 573 (2003) 162 [arXiv:hep-
ph/0305212], and Phys. Rev. D 70 (2004) 055005 [arXiv:hep-ph/0405110].
[47] M. Ibe, T. Moroi and T. T. Yanagida, Phys. Lett. B 644, 355 (2007) [hep-ph/0610277];
M. Ibe and T. T. Yanagida, Phys. Lett. B 709, 374 (2012) [arXiv:1112.2462 [hep-
ph]]; M. Ibe, S. Matsumoto and T. T. Yanagida, Phys. Rev. D 85, 095011 (2012)
[arXiv:1202.2253 [hep-ph]]; J. L. Evans, M. Ibe, K. A. Olive and T. T. Yanagida, Phys.
Rev. D 91, no. 5, 055008 (2015) [arXiv:1412.3403 [hep-ph]]; J. L. Evans and K. A. Olive,
Phys. Rev. D 90, no. 11, 115020 (2014) [arXiv:1408.5102 [hep-ph]]; J. L. Evans, N. Na-
gata and K. A. Olive, Phys. Rev. D 91 (2015) 055027 [arXiv:1502.00034 [hep-ph]];
J. L. Evans, N. Nagata and K. A. Olive, Eur. Phys. J. C 79, no. 6, 490 (2019)
[arXiv:1902.09084 [hep-ph]].
[48] J. L. Feng, A. Rajaraman and B. T. Smith, Phys. Rev. D 74, 015013 (2006) [hep-
ph/0512172]; A. Rajaraman and B. T. Smith, Phys. Rev. D 75, 115015 (2007) [hep-
ph/0612235].
[49] J. Ellis, K. Olive and Y. Santoso, Phys. Lett. B 539 (2002) 107 [arXiv:hep-
ph/0204192]; J. R. Ellis, T. Falk, K. A. Olive and Y. Santoso, Nucl. Phys. B 652
(2003) 259 [arXiv:hep-ph/0210205].
[50] O. Buchmueller et al., Eur. Phys. J. C 74, no. 12, 3212 (2014) [arXiv:1408.4060 [hep-
ph]].
[51] T. Falk, K. A. Olive, L. Roszkowski and M. Srednicki, Phys. Lett. B 367, 183 (1996)
[hep-ph/9510308]; T. Falk, K. A. Olive, L. Roszkowski, A. Singh and M. Srednicki,
Phys. Lett. B 396, 50 (1997) [hep-ph/9611325].
38
[52] J. R. Ellis, J. Giedt, O. Lebedev, K. Olive and M. Srednicki, Phys. Rev. D 78 (2008)
075006 [arXiv:0806.3648 [hep-ph]].
[53] A. Linde, D. Roest and M. Scalisi, JCAP 1503, 017 (2015). [arXiv:1412.2790 [hep-th]].
[54] A. S. Goncharov and A. D. Linde, Class. Quant. Grav. 1, L75 (1984).
[55] C. Kounnas and M. Quiros, Phys. Lett. B 151, 189 (1985).
[56] J. R. Ellis, K. Enqvist, D. V. Nanopoulos, K. A. Olive and M. Srednicki, Phys. Lett.
152B (1985) 175 Erratum: [Phys. Lett. 156B (1985) 452].
[57] K. Enqvist, D. V. Nanopoulos and M. Quiros, Phys. Lett. B 159, 249 (1985);
P. Bine´truy and M. K. Gaillard, Phys. Rev. D 34, 3069 (1986); H. Murayama, H. Suzuki,
T. Yanagida and J. Yokoyama, Phys. Rev. D 50, 2356 (1994) [arXiv:hep-ph/9311326];
S. C. Davis and M. Postma, JCAP 0803, 015 (2008) [arXiv:0801.4696 [hep-ph]]; S. An-
tusch, M. Bastero-Gil, K. Dutta, S. F. King and P. M. Kostka, JCAP 0901, 040
(2009) [arXiv:0808.2425 [hep-ph]]; S. Antusch, M. Bastero-Gil, K. Dutta, S. F. King
and P. M. Kostka, Phys. Lett. B 679, 428 (2009) [arXiv:0905.0905 [hep-th]]; R. Kallosh
and A. Linde, JCAP 1011, 011 (2010) [arXiv:1008.3375 [hep-th]]; R. Kallosh, A. Linde
and T. Rube, Phys. Rev. D 83, 043507 (2011) [arXiv:1011.5945 [hep-th]]; S. Antusch,
K. Dutta, J. Erdmenger and S. Halter, JHEP 1104 (2011) 065 [arXiv:1102.0093 [hep-
th]]; T. Li, Z. Li and D. V. Nanopoulos, JCAP 1402, 028 (2014) [arXiv:1311.6770
[hep-ph]]; W. Buchmuller, C. Wieck and M. W. Winkler, Phys. Lett. B 736, 237 (2014)
[arXiv:1404.2275 [hep-th]].
[58] J. Ellis, D. V. Nanopoulos and K. A. Olive, Phys. Rev. D 97, no. 4, 043530 (2018)
[arXiv:1711.11051 [hep-th]].
[59] J. Ellis, B. Nagaraj, D. V. Nanopoulos, K. A. Olive and S. Verner, JHEP 1910, 161
(2019) [arXiv:1907.09123 [hep-th]].
[60] M. C. Romao and S. F. King, JHEP 1707, 033 (2017) [arXiv:1703.08333 [hep-ph]].
[61] J. Ellis, B. Nagaraj, D. V. Nanopoulos and K. A. Olive, JHEP 1811 (2018) 110
[arXiv:1809.10114 [hep-th]].
[62] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, Phys. Rev. D 68, 046005 (2003)
[arXiv:hep-th/0301240].
[63] M. Drees and M. M. Nojiri, Phys. Rev. D 47 (1993) 376 [arXiv:hep-ph/9207234];
G. L. Kane, C. F. Kolda, L. Roszkowski and J. D. Wells, Phys. Rev. D 49 (1994) 6173
[arXiv:hep-ph/9312272]; J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys.
39
Lett. B 565 (2003) 176 [arXiv:hep-ph/0303043]; H. Baer and C. Balazs, JCAP 0305,
006 (2003) [arXiv:hep-ph/0303114]; A. B. Lahanas and D. V. Nanopoulos, Phys. Lett.
B 568, 55 (2003) [arXiv:hep-ph/0303130]; U. Chattopadhyay, A. Corsetti and P. Nath,
Phys. Rev. D 68, 035005 (2003) [arXiv:hep-ph/0303201]; J. Ellis and K. A. Olive,
arXiv:1001.3651 [astro-ph.CO], published in Particle dark matter, ed. G. Bertone, pp.
142-163; J. Ellis and K. A. Olive, Eur. Phys. J. C 72, 2005 (2012) [arXiv:1202.3262
[hep-ph]]; J. Ellis, F. Luo, K. A. Olive and P. Sandick, Eur. Phys. J. C 73, no. 4,
2403 (2013) [arXiv:1212.4476 [hep-ph]]l; O. Buchmueller et al., Eur. Phys. J. C 74
(2014) 3, 2809 [arXiv:1312.5233 [hep-ph]]; O. Buchmueller, M. Citron, J. Ellis, S. Guha,
J. Marrouche, K. A. Olive, K. de Vries and J. Zheng, Eur. Phys. J. C 75, no. 10, 469
(2015) Erratum: [Eur. Phys. J. C 76, no. 4, 190 (2016)] [arXiv:1505.04702 [hep-ph]];
J. Ellis, J. L. Evans, F. Luo, N. Nagata, K. A. Olive and P. Sandick, Eur. Phys. J. C
76, no. 1, 8 (2016) [arXiv:1509.08838 [hep-ph]]; J. Ellis, J. L. Evans, A. Mustafayev,
N. Nagata and K. A. Olive, Eur. Phys. J. C 76, no. 11, 592 (2016) [arXiv:1608.05370
[hep-ph]]; J. Ellis, J. L. Evans, F. Luo, K. A. Olive and J. Zheng, Eur. Phys. J. C
78 (2018) no.5, 425 [arXiv:1801.09855 [hep-ph]]; E. Bagnaschi et al., Eur. Phys. J. C
79, no. 2, 149 (2019) [arXiv:1810.10905 [hep-ph]]; J. Ellis, J. L. Evans, N. Nagata,
K. A. Olive and L. Velasco-Sevilla, [arXiv:1912.04888 [hep-ph]].
[64] T. Moroi, M. Yamaguchi and T. Yanagida Phys. Lett. B 342, 105 (1995) [hep-
ph/9409367].
[65] M. Kawasaki, T. Moroi and T. Yanagida Phys. Lett. B 370, 52 (1996) [hep-
ph/9509399].
[66] A. D. Linde, Phys. Rev. D 53, R4129 (1996). [hep-th/9601083].
[67] K. Nakayama, F. Takahashi and T. T. Yanagida, Phys. Rev. D 84, 123523 (2011).
[arXiv:1109.2073 [hep-ph]].
[68] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. Lett. 96, 211301 (2006) [hep-
ph/0602061]; S. Nakamura and M. Yamaguchi, Phys. Lett. B 638, 389 (2006) [hep-
ph/0602081].
[69] H. P. Nilles, Phys. Rept. 110 (1984) 1.
[70] M. Bolz, A. Brandenburg and W. Buchmuller, Nucl. Phys. B 606, 518 (2001) [Erratum-
ibid. B 790, 336 (2008)] [hep-ph/0012052]; R. H. Cyburt, J. Ellis, B. D. Fields and
K. A. Olive, Phys. Rev. D 67, 103521 (2003) [astro-ph/0211258]; F. D. Steffen, JCAP
0609, 001 (2006) [hep-ph/0605306]; J. Pradler and F. D. Steffen, Phys. Rev. D 75,
023509 (2007) [hep-ph/0608344]; V. S. Rychkov and A. Strumia, Phys. Rev. D 75,
40
075011 (2007) [hep-ph/0701104]; M. Kawasaki, K. Kohri, T Moroi and A.Yotsuyanagi,
Phys. Rev. D 78, 065011 (2008) [arXiv:0804.3745 [hep-ph]].
[71] J. Ellis, M. A. G. Garcia, D. V. Nanopoulos, K. A. Olive and M. Peloso, JCAP 1603,
no. 03, 008 (2016) [arXiv:1512.05701 [astro-ph.CO]]; M. A. G. Garcia, Y. Mambrini,
K. A. Olive and M. Peloso, Phys. Rev. D 96, no. 10, 103510 (2017) [arXiv:1709.01549
[hep-ph]].
41
